Aim: To examine whether danshensu could protect vascular endothelia in a rat model of hyperhomocysteinemia. Methods: The model was established by feeding rats with a methionine-rich diet (1 g·kg -1 ·d -1 ) for 3 months. Immediately following the discontinuation of methionine-rich diet, rats were treated with danshensu (67.5 mg·kg -1 ·d -1
Introduction
Hyperhomocysteinemia (elevated circulating level of homo cysteine) often occurs in patients with one or more defective genes (eg, methylenetetrahydrofolate reductase) that control the breakdown of homocysteine [1] , and is an independent risk factor for atherosclerosis [2] . Deficiency of folate, vitamin B6 and B12 could also result in hyperhomocysteinemia [3] . High level of homocysteine damages endothelial cells in vascula ture via increased formation of reactive oxygen species (ROS) and inflammation, and therefore increases the likelihood to develop heart attack and stroke [4] [5] [6] [7] . Hyperhomocysteinemia also promotes LDL oxidation and internalization by mac rophages, which in turn is the initial step of atherosclerosis [8] .
Supplementation of folate, vitamin B6 and B12 could reduce the level of homocysteine in patients with hyper homo cysteinemia [9] , but do not affect the process of atherosclerosis directly [10] . As a result, the benefit is limited [11] [12] [13] . Radix salviae miltiorrhizae (commonly known as "Dan shen") has been used by practitioners of the Traditional Chinese Medicine for decades in the treatment of a variety of cardiovascular diseases. Danshensu [3(3,4dihydroxy phenyl)2hydroxypropionic acid], a major active component of Danshen, could improve microcirculation, suppress the for mation of ROS, inhibit platelet adhesion and aggregation, and protect myocardium against ischemia [14] [15] [16] . Danshensu could also protect endothelial cells against injury induced by hyper homocysteinemia [17] or inflammation [18] . Effects of danshensu on homocysteine, TNFalpha, ICAM1, endothelin and NO have been reported by many labs. For example, Cao and colleagues [19] reported decreased homo cysteine level in rats in response to danshensu treatment. [20] showed that danshensu inhibits the expression of ICAM1 induced by TNFalpha in endothelial cells. In addi tion, danshensu also inhibits proliferation of vascular smooth muscle cells induced by elevated NO level and decreased ET1 [21] . In the current study, we examined potential effects of danshensu on the formation of atherosclerosis in a rat model of hyperhomocysteinemia. Signaling molecules that control vascular contraction/relaxation, and representative proinflam matory cytokines and ICAM1 were also investigated. 1 , po) during the 3month period of methioninerich diet. Data collected from this group were compared to a "model" group that was sacrificed immediately after the 3-month meth ioninerich diet. A group of rats not exposed to methionine rich diet was also included as a blank control.
Materials and methods

Animal treatment
At the end of the experiments, rats were sacrificed with chloral hydrate (0.36 g/kg). Trunk blood was collected; blood samples were stored at 80 °C. Segments of descending aorta were collected for Western blot analysis, or fixed with 4% paraformaldehyde and processed for immunohistochemical analysis or routine H&E staining.
ICAM-1 and TNF-alpha expression
The expression of ICAM1 and TNFalpha was examined with a 3step streptavidinbiotin immunoperoxidase method [22] . Tissue sections (5 µm) were deparaffinized and rehydrated, and then heated in a microwave oven for 10 min to enhance antigen retrieval. Slides were incubated with 3% H 2 O 2 for 10 min to quench endogenous peroxidase, and then blocked with 5% normal goat serum for 20 min. Tissue sections were incubated with a rabbit antirat ICAM1 or rabbit antirat TNFalpha antibody (1:200 dilution; Bosider, Wuhan, China) for 2 h in a moisture chamber at 37 °C. After extensive wash ing, sections were incubated with biotinylated goat anti rabbit IgG (1:200 dilution) and avidin for 30 min at 37 °C, and developed using a diaminobenzidine method. Sections were counterstained with hematoxylin for 15 s. For blank controls, primary antibody was omitted. Sections were examined under a microscope for positively stained cells (brown or yel low). Data were analyzed with CMIAS series of true color multifunctional pathological image analysis system (Beijing University of Aeronautics and Astronautics, Beijing, China). The mean optical density of positively stained cells from 10 randomly selected fields (×400) was calculated, and used to estimate the expression of ICAM1 and TNFalpha.
Western blot analysis
The descending aorta was homogenized and then digested with a lysis buffer, and centrifuged at 13 000×g for 15 min at 4 °C. Protein concentration in the supernatant was measured with a BCA method (Pierce Corporation, Tempe, AZ, US). Samples (20 µg protein) were separated with 10% SDSPAGE, and transferred to a polyvinylidene difluoride membrane. The membrane was incubated with a rabbit antirat TNFalpha or rabbit antirat ICAM1 (both 1:500) for 1 h. After extensive washing, the membrane was incubated with a horseradish peroxidase (HRP)conjugated goatantirabbit IgG (1:1000; Bosider, Wuhan, China) prior to ECL visualization (Pierce Corporation). Optical density of the band at appropriate molecular weight was used to estimate the amount of protein. Experiments were repeated 3 times independently.
Blood biochemical analysis Serum homocysteine concentration was measured using a HPLC method as described previously [23] . Blood endothelin concentration was measured using a radioimmunoassay (RIA Institute of People's Liberation Army General Hospital Science and Technology Development Center) [24] . Serum NO concen tration was measured using a kit from Nanjing Jiancheng Bio engineering Research Institute (Nanjing, China) [24] .
Statistical analysis
Data are expressed as mean±SD. Statistical analysis was per formed with oneway ANOVA followed by leastsignificant difference ttest for post hoc comparison. Statistical significance was set at P<0.05.
Results
In contrast to the normal appearances in the blank control rats, the intima of descending aorta in rats receiving methionine rich diet was thickened, and contained scattered foam cells (Figure 1 ). Danshensu treatment, either simultaneous with methioninerich diet or afterwards, significantly decreased the number of foam cells.
Effect of danshensu on homocysteine level
Methioninerich diet significantly increased serum homo cysteine concentration (P<0.01 vs blank controls; Figure 2 ). Such an increased homocysteine was significantly attenuated by treatment with folateVitB6VitB12 vitamin and dansh ensu after the 3month methioninerich diet (P<0.01 and <0.05 Effect of danshensu on blood endothelin and NO Methionine-rich diet significantly increased plasma endothe lin concentration (P<0.01 vs blank controls; Figure 3 ). Such a response was significantly attenuated by treatment with vitamin mixture and danshensu (P<0.01 for both). Preventive danshensu treatment also significantly decreased endothe lin concentration. Saline treatment also produced a statisti cally significant reduction in endothelin concentration in rats exposed to methioninerich diet (P<0.05). Serum NO level was significantly decreased by methioninerich diet (P<0.01 vs blank controls; Figure 4) . Treatment with danshensu, either after or simultaneously with methionine rich diet, significantly increased serum NO level (P<0.05 and <0.01, respectively). Treatment with vitamin mixture pro duced a trend of increasing serum NO, but the difference was not statistically significant.
Effect of danshensu on TNF-alpha and ICAM-1
Immunohistochemical analysis revealed dramatically increased expression of TNFalpha ( Figure 5A ) and ICAM1 ( Figure 6A ) in endothelial cells in response to methioninerich diet. Increased expression of TNFalpha and ICAM1 was significantly attenuated by vitamin mixture and danshensu treatment, regardless of the treatment timing (P<0.01 for all). Results obtained from Western blot analysis ( Figure 5B and 6B) were largely consistent with the immunohistochemical findings.
Discussion
Folate, vitamin B6 and vitamin B12 are key cofactors to the enzymes that metabolize homocysteine, and have been used to manage hyperhomocysteinemia [25] . Hyperhomocysteinemia is associated with increased risk of thrombotic and athero sclerotic vascular diseases [25] . Elevated level of homocysteine causes lipid peroxidation, inflammatory reactions, and vas cular endothelial injury [26] . In the current study, danshensu treatment significantly lowered the serum homocysteine con centration in rats receiving a methioninerich diet. The magni tude of such an action was similar to that of a vitamin mixture containing folate, VitB6 and VitB12. Effects of danshensu were more robust when given simultaneous to methioninerich diet, indicating the superiority of preventive treatment. We specu late that contributing factors to this phenomenon is the ability of danshensu to promote the catabolism [19] and excretion of homocysteine during the period of methionine intake. A major function of NO in the cardiovascular system is to relax both large arteries and small resistance vessels [26] . In contrast, endothelin induces vasoconstriction, participates in inflammation, cellular injury, and vascular events [27] . Con sistent with previous studies [8, [28] [29] [30] [31] [32] , our results indicated that NO is decreased upon hyperhomocysteinemia. In contrast, endothelin was significantly increased. These changes would result in increased vascular contraction, and might have con tributed to the eventual development of atherosclerosis. Treat ment with danshensu clearly attenuated the changes of NO and endothelin in response to methioninerich diet, suggesting that the preventive/therapeutic effects of danshensu on ath erosclerosis are at least partially mediated by vasodilation sec ondary to decreased level of serum homocysteine. In addition to indirect effect via decreased homocysteine level, danshensu has direct action on vascular endothelium. For example, a previous report [33] indicated that danshensu could result in sig nificant vasodilation through promoting the opening of nonselective potassium channels and smallconductance calcium sensitive potassium channels in vascular smooth muscle cells. In our experiments, the level of endothelin but not NO was significantly lower in rats receiving 3-month saline treatment after methioninerich diet (saline group) in comparison to immediately after the methioninerich diet ("model" group), indicating differential spontaneous recovery of various patho logical changes after discontinuation of the methioninerich diet.
A previous study demonstrated that hyperhomocysteinemia could increase inflammatory responses mediated by NF-kap paB and TNFalpha via activating the ERK(1/2)/p38MAPK pathway [10] . TNFalpha is mainly secreted by monocytes and macrophages [34] . But under certain circumstances, TNFalpha can also be secreted by endothelial cells, vascular smooth muscle cells, and cardiac fibroblast cells [35] . TNFalpha could damage endothelial cells and vessel wall, and thus contribute to the formation of plaques [36] , possibly through stimulating the synthesis of matrix metalloproteinases9 (MMP9) by mac rophage [37, 38] .
ICAM1 is expressed constitutively at low levels by vascular endothelial cells under normal conditions, but expressed at large quantity upon stimulation by inflammatory cytokines such as TNFalpha [39] . Increased ICAM1 allows the attach ment of leukocytes to the endothelium and subsequent migra tion into peripheral tissue [39] . Antioxidants can decrease TNF alpha synthesis/release by a variety of cell types and ICAM1 expression by vascular endothelial cells [39] . Danshensu is a known antioxidant. Therefore, decreased TNFalpha and ICAM1 expression upon danshensu treatment could partially be attributed to its antioxidant property. In our experiment, high level of TNFalpha and ICAM1 expression was observed in rats exposed to methioninerich diet. Danshensu treatment, either simultaneous to methion ine-rich diet or afterwards, significantly decreased TNF-alpha and ICAM1 expression. It remains to be investigated whether such effects are mediated by the ERK1/2/p38MAPK pathway as suggested by Bai et al [10] .
In summary, our findings demonstrated that danshensu could lower homocysteine level and attenuate atherosclero sis in rats receiving a methioninerich diet. Signaling mol ecules that favor vasoconstriction, such as endothelin, were decreased by danshensu. Molecules that relax arteries, such as NO, were increased. Danshensu treatment also attenuated the overexpression of TNFalpha and ICAMl. Considering its excellent safety profile, we propose that danshensu could be used in people at high risk to develop atherosclerotic diseases.
